Electrical conductivity is a potentially powerful observable that may be used in combination with seismological models to investigate the 3D thermo-chemical structure of the Earth's mantle because it depends upon both temperature and compositional parameters. Despite strong uncertainties in the lower mantle mineral conductive properties and ambiguities in choosing an appropriate average scheme to estimate the aggregate conductivity from the individual conductivities of each mineral, it is possible to calculate a radial reference model and 3D maps of electrical conductivity in the lower mantle from thermo-chemical reference models and 3D maps. This work presents a first attempt to build such models using probabilistic tomography as the input thermo-chemical structure. The radial model increases from about 0.6 S m -1 at the top of the lower mantle to 16 S m -1 at its bottom. The 3D structure shows strong lateral variations at both the top (670 -1200 km) and bottom (2000 -2891 km) of the lower mantle, with moderate variations in the 1200 -2000 km layer. In the lowermost mantle (> 2000 km), which is not yet imaged yet by electrical conductivity tomographic models, a belt of high conductivity extends along the equator with relative anomalies up to 90% compared to the horizontal average.
INTRODUCTION
Seismic observations provide the most detailed information so far about the structure of the Earth's lower mantle. Seismic tomography models map relative anomalies in shear and compressional seismic velocity with the most recent global models resolving structures about 500 km across (e.g., Houser et al. 2008; Kustowski et al. 2008; Ritsema et al. 2011) . Models obtained using different datasets and inversion methods now agree on the large scale structure (for a comparison between recent models, see Ritsema et al. 2011) . A major, unsolved, issue is to interpret these models in terms of mantle thermo-chemical structure. Seismic velocity anomalies reflect variations in density and elastic moduli (bulk and shear), which in turn result from variations in temperature and composition. Given the pressure, temperature and composition (either petrological or mineralogical), seismic velocity and their 3D variations can be modeled using an appropriate equation of state modeling and mineral physics data (e.g., Trampert et al. 2001; Connolly 2005) . Because temperature and composition strongly trade-off, seismic velocity anomalies alone cannot resolve the 3D thermo-chemical structure of the mantle. Independent constraints on the density structure, in particular from seismic normal modes (Ishii and Tromp 1999; Mosca et al. 2012) , help break this trade-off, but do not lift up all ambiguities.
In contrast to density and seismic velocities, the electrical conductivity of mantle materials increases with temperature (e.g., Poirier 1991) . It also varies with the mineralogical composition. In particular, magnesio-wüstite is more conductive than perovskite throughout the lower mantle (Vacher and Verhoeven 2007; Khan and Shankland 2012) . Therefore, a good knowledge of lateral variations in electrical conductivity potentially provides additional and independent constraints on the mantle thermo-chemical structure. The Earth's magnetic field induces electrical currents in the mantle and crust. These currents depend on the 3D variations in electrical conductivity and induce small variations in the observed magnetic field. Geomagnetic variation inversions with periods from a few days to 1 year, measured at both magnetic observatories and from satellite data, can be used to recover 1D radial profiles and 3D maps of mantle electrical conductivity (Banks 1969 ; for a detailed treatment, see Kuvshinov and Semenov 2012) . Several 1D radial models have been inferred (Olsen 1999; Kuvshinov and Olsen 2006; Velímský 2010) , showing an increase in 2 orders of magnitude between the top of the mantle and 1500 km depth. In the past few years the first regional and global tomographic models of mantle electrical conductivity have been proposed (Kelbert et al. 2009; Shimizu et al. 2010; Tarits and Mandéa 2010; Semenov and Kuvshinov 2012) . However, due to data availability and ambiguity concerning the source of long period (1 year and more) magnetic field variations, conductivity at depths greater than ~1600 km cannot yet be resolved.
Linking the mantle thermo-chemical and electrical conductivity structures further requires mineral physics data and modeling. Electrical conductivities and their sensitivities to temperature and pressure have been measured for the main minerals in the upper and lower mantle (for a recent compilation, see Khan and Shankland 2012) . Available data for perovskite (Li and Jeanloz 1991; Poirier and Peyronneau 1992; Shankland et al. 1993; Katsura et al. 1998 ) and magnesio-wüstite (Dobson and Brodholt 2000) were further used to infer 1D radial models of lower mantle conductivity from prescribed 1D radial temperature and composition models (e.g., Xu et al. 2000; Vacher and Verhoeven 2007; Khan and Shankland 2012) . So far, however, no 3D model has been proposed.
The purpose of this article is to calculate 3D models of lower mantle electrical conductivity from its thermo-chemical structure using an appropriate electrical conductivity modeling at mantle temperature and pressure (Vacher and Verhoeven 2007) .
LOWER MANTLE SEISMIC AND THERMO-CHEMICAL STRUCTURE
Global models of seismic tomography using different datasets and methods now provide coherent maps of seismic velocity variations in the lower mantle. The strongest heterogeneities are found in the bottom part of the lower mantle, starting around 2400 km depth and down to the core-mantle boundary (CMB). At these depths the seismic structure of the mantle is dominated by two large low shearwave velocity provinces (LLSVP) beneath the Pacific and Africa, where shear-wave velocity drops by a few percent compared to its horizontally averaged value. By contrast, the mid-lower mantle, between 1000 and 2000 km is seismically homogeneous at large and medium scales. The RMS of seismic velocity anomalies is small, and no significant pattern appears. The upper part of the lower mantle, between 670 -1000 km depth is moderately heterogeneous, with global tomographic models showing a secondary peak in the radial RMS of shear-wave velocity anomalies. Seismic heterogeneities at these depths may be related to the stacking of subducted slabs (Fukao et al. 2001) .
At each depth, lateral seismic velocity anomalies result from lateral variations in temperature and composition. Comparisons between the shear-and compressional-wave velocities anomaly distributions gives first order hints about the nature of these anomalies (van der Hilst and Kárason 1999; Masters et al. 2000) . Due to a trade-off between thermal and compositional terms, however, the detailed distributions of these anomalies cannot be resolved using seismic velocity alone. Additional constraints on density allow breaking this trade-off. For instance, probabilistic tomography, which is based on normal modes data providing full probability density functions for the shear-wave velocity, bulk-sound velocity, and density at each point in the model, have been used to determine full distributions of temperature, fractions of silicate [parameterized as (Mg, Fe)-perovskite] and iron oxide (the latter being distributed in perovskite and magnesio-wüs-tite) ). Due to normal mode availability and computational resources, the thermo-chemical structure is limited to spherical harmonic degrees 2, 4, and 6, and to three layers in the lower mantle. These distributions are however robust and indicate that variations in iron and silicate are present throughout the lower mantle, in particular in its lowermost part where LLSVP appears enriched in iron and perovskite (Fig. 1) . Interestingly, the thermo-chemical distributions inferred by Trampert et al. (2004) suggest that density variations are a good proxy for variations in iron, whereas bulk-sound velocity anomalies map variations in the fraction of perovskite with a good approximation. By contrast, temperature anomalies cannot be inferred straightforwardly from shear-wave velocity anomalies, as often assumed. Mosca et al. (2012) recently obtained an updated probabilistic tomography model with finer vertical resolution, from which they infer thermo-chemical distributions, including for the postperovskite phase. Interestingly, these thermo-chemical distributions do not substantially differ from those of . In particular, the large scale structures identified by Mosca et al. (2012) are similar to those in Trampert et al. (2004) , and in both models LLSVP appears enriched in iron and perovskite by about 3 and 10%, respectively.
The choice to parameterize the compositional anomalies in terms of variations in iron and silicate, as in Trampert et al. (2004) and Mosca et al. (2012) may appear somewhat arbitrary. It is however consistent with the hypothesis that lower mantle chemical heterogeneities result from an early chemical differentiation in the mantle (Lee et al. 2010; Nomura et al. 2011) . It further agrees with E-chondritic models of Earth's composition (Javoy et al. 2010) . Another potential source of chemical heterogeneities in the deep mantle is high-pressure MORB entrained in the deep mantle by subducted slab (e.g., van der Hilst et al. 1997). While patches of high-pressure MORB are certainly present in the deep mantle, it has been shown that they would hardly explain the LLSVP (Deschamps et al. 2012) .
The thermo-chemical distribution from Trampert et al. (2004) , rather than those from Mosca et al. (2012) will be used in this study in combination with mineral physics data (see section 3) to calculate the electrical conductivity distribution. This choice is motivated by the fact that electrical conductivity data for post-perovskite are still sparse.
MODELING LOWER MANTLE ELECTRICAL CONDUCTIVITY
At mantle pressure and temperature, mantle minerals behave as semi-conductors (e.g., Poirier 1991; Goddat et al. 1999) . In iron-bearing hydrous silicates, three main mechanisms, involving different charge-carriers (ionic, small polaron, and proton), contribute to mantle rocks electrical conductivity (e.g., Yoshino et al. 2009 ). Ionic conduction involves migration of Mg-site vacancies, whereas small polaron conduction results from charge hopping from Fe 3+ -Fe 2+ ions, while proton conduction is due to proton hopping amongst point defects. In each case charge migration is a diffusion process that can be modeled using the Nernst-Einstein equation (e.g., Poirier 1991), in which the charge carrier concentration is thermally controlled following a Boltzmann distribution. Overall the electrical conductivity associated with each mechanism may be parameterized using an Arrhenius law,
where T is the temperature, P the pressure, k = 8.617 × 10 -5 eV K -1 the Boltzmann constant and m a constant whose theoretical value depends on the type of polaron (Goddat et al. 1999) . The values of the pre-exponential factor 0 v , and of the activation energy and activation volume, E a and V a , depends on the transport mechanism. The total electrical conductivity is the sum of the Arrhenius law for each conduction mechanism considered. In practice, however, the lower mantle conductivity can be modeled with one single mechanism with a good approximation. Goddat et al. (1999) pointed out that the dominant conduction mechanism in the lower mantle should be small polaron conduction due to the fact that the lower mantle mineral activation energy for this mechanism is small, typically a few tenths of eV (Table 1) . By contrast the activation energy for ionic conduction is larger than 1 eV. In addition, proton conduction strongly depends on the water content (Yoshino et al. 2009 ), and may thus be inefficient in the lower mantle. For perovskite, Vacher and Verhoeven (2007) further pointed out that the sum the two conduction mechanisms (ionic and small polaron) identified by Xu and McCammon (2002) may be parameterized with a single Arrhenius law, as defined by Xu et al. (2000) . They also noted that the influence of the iron content is much more sensitive than accounting for mechanisms with different temperaturedependence. Finally, it is worth noting that for magnesiowüstite, Dobson and Brodholt (2000) identified only one regime for temperatures larger than 1000 K, i.e., at temperatures relevant to the lower mantle.
Model and Data
The electrical conductivity of the lower mantle is Fig. 1 . Thermo-chemical structure of the lower mantle inferred from probabilistic tomography . Left, middle, and right column plots anomalies in temperature, fraction of (Mg, Fe)-perovskite, and global fraction of iron (the iron being distributed in perovskite and magnesiowüstite). Vertical parameterization includes three layers, from top to bottom 670 -1200, 1200 -2000, and 2000 -2891 km. Distributions include spherical harmonic degrees 2, 4, and 6, and are smoothed on a 1° × 1° grid. modeled following the approach described in Vacher and Verhoeven (2007) . Two minerals are considered, perovskite and magnesio-wüstite, and for each of these two minerals the influence of the iron content is taken into account. The individual conductivity i v of each mineral i depends on the temperature T, pressure P, and individual iron fraction x Fe i , as follows is set to 0.1 for both perovskite and magnesio-wüstite. For each mineral the sensitivity of conductivity to iron is controlled using two parameters, α and β, which are deduced from experimental data. The parameters used in this study are similar to those in Vacher and Verhoeven (2007) and are listed in Table 1 . These values were deduced from mineral physics experiments on perovskite (Poirier and Peyronneau 1992; Shankland et al. 1993 ) and on magnesio-wüstite (Dobson and Brodholt 2000) . Note that Vacher and Verhoeven (2007) recalculated the pre-exponential factor and activation energy of magnesio-wüstite from the original data from Dobson and Brodholt (2000) in order to cancel the pre-exponential dependence on temperature, i.e., they set m = 0 in Eq. (1), the original value determined by Dobson and Brodholt (2000) being m = -0.24. The iron content in each mineral is controlled by prescribing the global fraction of iron in the assemblage, X Fe , and the iron partitioning between perovskite and magnesiowüstite, K Fe , which is defined as (Hashin and Shriktman 1962) . For an aggregate of perovskite and magnesio-wüstite, and noting that the conductivity of magnesio-wüstite is larger than that of perovskite, these bounds are
(1 )( )
The Voigt-Reuss-Hill (VRH) average (Hill 1963) , which is often used to derive the thermo-elastic properties of multiphase aggregates, is the mean of the arithmetic and harmonic averages,
and is usually found to be biased towards the arithmetic average, i.e., towards the upper Hashin-Shriktman bound. By contrast, the geometric average (GM),
is usually found to be biased towards the lower Vacher and Verhoeven (2007) from experimental data on perovskite (Poirier and Peyronneau 1992; Shankland et al. 1993 ) and magnesio-wüstite (Dobson and Brodholt 2000 Figure 2 compares the Hashin-Shtrikman bounds and the conductivity obtained with the three estimators discussed above for an aggregate composed of 80% perovskite and 20% magnesio-wüstite using the data in Table 1 . Also shown are the conductivity for pure perovskite and pure magnesio-wüstite for an iron fraction X Fe = 0.1. As noted in previous studies (e.g., Shankland and Duba 1990; Khan and Shankland 2012) , the VRH average is close to the Hashin-Shtrikman upper bound throughout the lower mantle. By contrast, both the GM and EMT averages are close to Hashin-Shtrikman lower bound. However, it is important to note that all three estimators remain within the HashinShtrikman bounds. An interesting property shown in Fig. 2 is that the size of the Hashin-Shtrikman interval depends on the iron partitioning. As more iron goes to magnesio-wüs-tite (decreasing K Fe ), the difference between the individual conductivities of perovskite and magnesio-wüstite is larger, which in turn increases the difference between the lower and upper Hashin-Shtrikman bounds. Note that in the case K Fe = 0.5, because the fraction of iron in perovskite is only 0.086, the lower Hashin-Strikman bound is smaller than the conductivity for pure perovskite, which was calculated for a fraction of iron of 0.1.
When investigating the influence of temperature and composition on the lower mantle conductivity, it is convenient to prescribe the potential temperature T p , i.e., the temperature at surface pressure. In the Earth's mantle compression induces an adiabatic increase in temperature that must be added to the potential temperature. The adiabatic gradient is given by
where c is the Grüneisen parameter, and K S the adiabatic bulk modulus of the assemblage at temperature T and pressure P. The Grüneisen parameter is calculated from its surface value 0 c following
where q is a constant and t and 0 t the densities of the assemblage at (T, P) and at the surface, respectively. K S and t can be calculated from their surface values using an appropriate equation of state modelling. Here we used data and methods similar to those in Deschamps and Trampert (2004) to determine these quantities and the associated adiabatic gradient. Figure 3 illustrates the influence of the adiabatic increase in temperature with depth for two potential temperatures. At the bottom of the mantle, the adiabatic temperature increase can be as high as half the potential temperature and accounting for this effect increases the conductivity by 50 -60% compared to the uncorrected value.
Influence of Temperature and Composition
Electrical conductivity increases with increasing real temperature (i.e., accounting for the adiabatic increase) T real (a) (b) Fig. 2 . Variation of electrical conductivity with depth for an assemblage of 80% perovskite and 20% magnesio-wüstite. The potential temperature is T p = 2500 K, the global iron fraction X Fe = 0.1, and two values of the iron partitioning are considered, (a) K Fe = 1.0, and (b) K Fe = 0.5. The extent between the lower and upper Hashin-Shriktman bounds is denoted by the grey area, with three estimators calculated, geometric average (GM) (Eq. 8), Voigt-Reuss-Hill average (VRH) (Eq. 7), and effective medium theory (EMT) (Eq. 9). For compositions radial for pure perovskite (Pv) and pure magnesio-wüstite (Mw) are also shown (blue curves).
throughout the mantle (Fig. 4a) . The temperature effect is slightly attenuated with increasing depth. Figure 4a further indicates that a temperature excess of 500 K at the bottom of the mantle, as might be the case in LLSVP Deschamps et al. 2012 ) would result in a change in electrical conductivity between 20 -30%, depending on the average mantle temperature. A careful examination at Table 1 indicates that magnesio-wüstite is electrically more conductive than perovskite by about two orders of magnitude. This holds throughout the lower mantle (blue curves in Fig. 2 ), as noted in previous studies (e.g., Vacher and Verhoeven 2007; Khan and Shankland 2012) . Consequently, the mantle aggregate conductivity decreases with increasing perovskite fraction, X pv . However, varying X pv triggers side effects making the detailed influence of this parameter more complex. Because the adiabatic gradient depends on the bulk modulus [Eq. (10)], T real indirectly depends on the compositional parameters, and in particular on X pv . The bulk modulus of magnesiowüstite being smaller than that of perovskite, T real (and thus the conductivity of the aggregate) increases with decreasing perovskite fraction. This effect therefore enhances the purely compositional effect, i.e., the decrease in conductivity with increasing amount of perovskite. Figure 4b plots the cumulated influence (chemical and differences in adiabatic corrections) of X pv on conductivity for T real = 2500 K, X Fe = 0.1, and K Fe = 1.0. For realistic mantle compositions, i.e., values of X pv in the range 0.6 -0.9, the conductivity calculated with EMT average varies between 1.5 -12, depending on depth and on X pv . However, the detailed influence of X pv further depends on the iron partitioning (Fig. 5) . This complex dependence is due to the fact that the iron corrections are different for each mineral (parameters α and β in Table 1 ), the conductivity of magnesio-wüstite being more sensitive to iron than that of perovskite. Because both X pv and K Fe control the values of the individual iron fractions in perovskite and magnesio-wüstite [Eqs. (3) and (4)], changing the value of K Fe modifies the effect of X pv . For K Fe = 1.0, the conductivity monotically decreases with increasing perovskite fraction, as shown in Fig. 5 . By contrast, in the case K Fe = 0.3, in which iron mostly goes to magnesio-wüstite, the influence of X pv is more complicated and is further affected by the average scheme used to determine the aggregate conductivity (blue curves in Fig. 5) . Figure 4c indicates that electrical conductivity increases with increasing iron fraction throughout the lower mantle. In the lowermost mantle (z ≥ 2500 km), and for X pv = 0.8 and K Fe = 1.0, an increase in X Fe by 0.03 (i.e., 3.0%) induces a threefold increase in conductivity. Unlike the effect of the perovskite fraction, the influence of the iron fraction does not substantially depend on the iron partitioning. For a given value K Fe , the electrical conductivity increases with increasing iron content, whatever the chosen value of K Fe .
As pointed out above, the detailed effect of iron partitioning depends on the volume fraction of perovskite. Figure 5 shows that it further depends on the average scheme used to calculate the aggregate conductivity. For values of X pv in the 0.6 -0.9 range, which are relevant to the Earth's lower mantle, electrical conductivity calculated with EMT average increases with increasing K Fe (Fig. 4d) , i.e., as more and more iron goes to perovskite. However, if a VRH average is used, the opposite is true, i.e., electrical conductivity decreases with increasing K Fe (dotted curves in Fig. 5) . Again, for values of X pv lower than 0.6, more complicated effects appear.
The results from the systematic search displayed in Figs. 4 and 5 have interesting implications for the lower mantle. Several models based on seismic tomography and the thermo-elastic data set have indicated that compared to the surrounding mantle, the LLSVP are hotter by about 500 K and enriched in iron and perovskite by about 3.0 and 10%, respectively Deschamps et al. 2012; Mosca et al. 2012 ). According to Fig. 4 , the excesses in temperature and iron fraction observed in LLSVP should both result in an increase in conductivity. The implications of variations in the perovskite fraction are more difficult to assess because they depend on the iron partitioning and on the average scheme (Fig. 5) . It should be pointed out, however, that this effect is moderate, compared to that of iron. The aggregate conductivity changes by only 20% for a 10% excess of perovskite, but is multiplied by a factor three for a 3% increase in global iron fraction. Overall, LLSVP should appear as electrically more conductive than the surrounding mantle.
ELECTRICAL CONDUCTIVITY FROM THERMO-CHEMICAL STRUCTURE
Using the approach underlined in section 3 it is possible to determine synthetic horizontally averaged profiles Fig. 3 . Influence of the adiabatic increase of temperature with depth. The plain curves take the adiabatic contribution into account and the dotted curve neglect it. Two values of the potential temperature are considered, T p = 2500 K (blue curves), and T p = 3000 K (dark red curves). Other input parameters are X Fe = 0.1, X pv = 0.8, and K Fe = 1.0. Aggregate conductivities are calculated using the EMT average (Eq. 9).
and 3D distributions of lower mantle electrical conductivity from appropriate thermo-chemical models.
Radial 1D Model
The first application is designed to determine a 1D electrical conductivity radial model from the average thermochemical model of the Earth's mantle. The average thermochemical model used here is model DT2 from Deschamps and Trampert (2004) . It is based on a Monte-Carlo search that takes into account uncertainties in the thermo-elastic parameters of mantle minerals, and derives a horizontally average (or reference) thermo-chemical model from all models that fit PREM seismic velocities and density (Dziewonski and Anderson 1981) within 1%. In model DT2 the reference real (i.e., including the adiabatic gradient) temperature ranges from 2000 K at the top of the lower mantle to 2500 K at its base, with error bars (taken as one standard deviation of a nearly Gaussian distribution) of about 500 K. The reference perovskite fraction varies between 0.7 ± 0.1 and 0.8 ± 0.1, depending on the depth and the reference iron global fraction is nearly constant with depth, around 0.09 ± 0.02. At each depth the individual perovskite and magnesio-wüstite conductivities are calculated with Eq. (2). Hasin-Shtrikman bounds [Eqs. (5) and (6) 5 combinations of the electrical conductivity parameters lead to a collection of radial conductivity models, from which a mean and a standard deviation are calculated.
The resulting radial electrical conductivity model is plotted in Fig. 6 , together with the models observed by Kuvshinov and Olsen (2006) and Velímský (2010) . Observed models fit well within the Hashin-Shtrikman bounds except [log(v) = 1.8] at the bottom, which is always larger than the values observed by both Kuvshinov and Olsen (2006) and Velímský (2010) . Note that in all cases, error bars on log(v) (defined as one standard deviation around the mean) is large, typically around 0.5.
3D Structure
Mantle electrical conductivity maps may be recovered from the thermo-chemical structure inferred by probabilistic tomography (Fig. 1) . These thermochemical distributions are varied within their error bars and added to the 1D radial thermo-chemical model DT2 , which is used as the reference model. At each point in the model the perovskite and magnesio-wüstite electrical conductivities are deduced from Eq. (2), and three estimators of the aggregate conductivity are calculated. Again, mineral physics data are varied within their error bars, generating a collection of conductivity maps, from which the mean and standard deviation are calculated. Figures 7 -9 plot the resulting conductivity map (logarithm and relative anomalies), for the three layers defined by probabilistic tomography. Table 2 lists the average, minimum and maximum in these distributions for all three estimators and Hashin-Shtrikman bounds. It should be pointed out, however, that the RMS in the error bars (taken as one standard deviation around the mean value) is large, around 0.6 on log(v).
A striking feature appearing in the lowermost mantle (2000 -2891 km) is a belt of high electrical conductivity running along the equator (Fig. 9) , and peaking in the LLSVP. Interestingly, this belt is predicted by all three estimators. According to EMT average, conductivity in the layer 2000 -2891 km is up to 12 S m -1 (Table 2) , leading to relative anomalies around 90%, compared to the average conductivity. The maximum conductivity predicted by VRH average is around 20 S m -1 , and relative anomalies are up to 97%. In the mid lower mantle (1200 -2000 km), the mean conductivity obtained with EMT and VRH average schemes are 1.7 and 4.4 S m -1 , respectively, and lateral relative anomalies are moderate, up to 30 -40% (Fig. 8) . Finally, in the upper part of the lower mantle (670 -1200 km), the mean electrical conductivity is comparable to that in the middle mantle (around 1.6 and 3.4 S m -1 for EMT and VRH averages, respectively), but relative anomalies are strong again, around 80% or more, depending on the average scheme, the largest anomalies being observed beneath the north-eastern Pacific, South Atlantic, and Indian Oceans.
Global models of lower mantle electrical conductivity based on magnetic field variations with period ranging from a few to 100 days have recently been obtained (Kelbert et al. 2009; Semenov and Kuvshinov 2012) . The models of Kelbert et al. (2009) (KSE09) and Semenov and Kuvshinov (2012) (SK12) extend down to 2000 and 1600 km, respectively. Lack of data and strong trade-off in the interpretation of long period (> 1 year) variations of the magnetic field, do not yet allow inferring electrical conductivity distributions at larger depths. Due to differences in the data used and inversion methods, KSE09 and SK12 are substantially different. In particular, the conductivity from SK12 is on average larger than that of KSE09 by about a factor of 2 and the correlation between the two models is low (0.183, -0.190 , and 0.079 in the layers 670 -900, 900 -1200, and 1200 -1600 km, respectively). Furthermore, relative lateral variations in conductivity are more pronounced in KSE09 than in SK12.
Comparing electrical conductivity maps inferred from the lower mantle thermo-chemical structure with the observed values raises several difficulties. First, spatial filtering of the observed models is required according to the vertical parameterization and lateral resolution of the thermo-chemical distributions used to infer the modeled conductivity. A potentially more serious problem is related to the frequency of the geomagnetic signal used to build KSE09 and SK12, which may be inconsistent with the conductivity deduced from the thermo-chemical structure. Due to skin depth effects, only magnetic field variations with frequencies lower than a limit value may be observed at the surface of the Earth. The limit frequency decreases with increasing mantle conductivity. Therefore, large values of the lowermost mantle conductivity may decrease the limit frequency such that part of the geomagnetic signals used to build KSE09 and SK12 may have higher frequencies. Careful comparisons between modeled and observed conductivities would then require estimating the limit frequency imposed by the modeled conductivity, and filtering the observed conductivity maps according to this estimated limit frequency. Figure 10 compares the modeled conductivity with spatially filtered models KSE09 and SK12. Conductivities from KSE09 and SK12 were averaged in layer 670 -1200 and 1200 -2000 km, and filtered for spherical harmonic degrees 2, 4, and 6. Note that SK12 is limited to 1600 km depth and that the structure in the layer 1200 -2000 km was assumed to be similar to that in the original SK12 layer 1200 -1600 km. Modeled conductivity calculated with EMT average is comparable in amplitude to that observed by SK12, but its distribution correlates very poorly with that of SK12. Conductivity obtained with VRH average is larger by a factor of 2 compared to SK12. Disagreement between the modeled conductivities and that mapped by KSE09 is more pronounced, both in amplitude and lateral variations.
However, taking uncertainties in the modeled conductivities into account, the synthetic conductivity inferred from thermo-chemical structure is not totally inconsistent with the conductivity observed in KSE09 and SK12.
CONCLUDING DISCUSSION
This study attempted to infer the electrical conductivity of the Earth's mantle from its thermo-chemical structure. The resulting radial conductivity model increases from 0.6 S m -1 at the top of the lower mantle, to 16 S m -1 at its base. Lateral variations in conductivity are strong at the top (670 -1200 km) of the lower mantle and at its bottom (2000 -2891 km), and moderate in the intermediate layer (1200 -2000 km) . Certainly the most interesting feature, which needs to be further investigated in the future, is the presence of a high conductivity belt at the bottom of the mantle along the equator. This structure is present whatever the average scheme used to estimate the aggregate conductivity and it results from the fact that the low shear-wave velocity provinces observed by seismic tomography are enriched in iron and, at least part of them, hotter than the surrounding mantle (Fig. 1) . Several directions may be followed in future works to improve the models discussed in this study.
The conductivity models calculated in this study have large uncertainties and their agreement with the global tomographic models of electrical conductivity KSE09 (Kelbert et al. 2009 ) and SK12 ) is poor. Large uncertainties are directly related to uncertainties in the mineral physics data (Table 1 ) and in thermo-chemical models of the Earth's mantle. These latter further result from uncertainties in thermo-elastic data and in the reference thermo-chemical radial model. A better knowledge of mantle mineral and aggregate thermo-elastic and electrical properties is therefore needed to obtain a finer estimate of the electrical conductivity from the thermo-chemical structure. It should be kept in mind that due to differences in the data set and inversion methods, the conductivities mapped by KSE09 and SK12 strongly disagree. The discrepancies between the modeled conductivity and the observed models are comparable to the discrepancies that exist between KSE09 and SK12. Electrical conductivity tomographic maps may lack resolution at lower mantle depths. Finally, as pointed out in section 4, the geomagnetic signals used to build KSE09 and SK12 include signals with frequencies that may be incompatible with the conductivity deduced from the mantle thermo-chemical structure. Fukao et al. 2001) , in which case they may partially explain the seismic anomalies observed at these depths. MORB may also reach the bottom of the mantle and stack there, as suggested by thermo-chemical convection models (e.g., Nakagawa et al. 2010 ). Unless they are very hot, recycled MORB are unlikely to explain LLSVP (Deschamps et al. 2012) . They may however be present in local pools or even incorporated in small amounts into LLSVP (Tackley 2012; Li et al. 2014 ). Compared to pyrolite, MORB are enriched in iron and free of perovskite. All other effects being equal, they would therefore be more conductive than pyrolitic mantle. Recent experiments (Ohta et al. 2010) suggested that the electrical conductivity of MORB strongly increases with pressure. According to these experiments the conductivity of MORB at 51 GPa (1200 km-depth) varies between 3 -10 S m -1 for temperatures in the 1400 -2100 K range. Such values are comparable to those obtained for a pyrolitic composition. Slab stacking at the top of the lower mantle (670 -1000 km) may thus significantly influence the lateral variations in electrical conductivity at these depths. To provide better electrical conductivity estimates, mantle thermochemical models should therefore include recycled oceanic crust. At lowermost mantle pressure, the experiments of Ohta et al. (2010) suggested that MORB are much more conductive that pyrolite, with values around 300 S m -1 at 133 GPa and 2500 K. This is about one order of magnitude larger than the conductivity inferred from iron and silicate rich material. Furthermore, it has been proposed that the electrical conductivity of the post-perovskite phase is also large, with values around 50 S m -1 at 129 GPa and 2500 K (Ohta et al. 2008) . The presence of high pressure MORB and post-perovskite in the lowermost mantle may thus result in a layer of large electrical conductivity at these depths, with values about one order of magnitude larger than the conductivity reconstructed from probabilistic tomography. It should be pointed out, however, that available radial conductivity models do not report any strong increase in conductivity in the deep mantle (Fig. 6) . Mantle electrical conductivity remains around 4.0 S m -1 from 1000 -2600 km depth and slightly increases to 10 S m -1 at greater depths (Velímský 2010) .
Three dimensional images of electrical conductivity in the lowermost mantle are needed to discriminate between the possible thermo-chemical models and to determine the relative amount of each component (e.g., recycled MORB, post-perovskite, reservoirs of primordial material enriched in iron). So far the global electrical conductivity tomographic models (Kelbert et al. 2009; Semenov and Kuvshinov 2012) could not image regions deeper than 2000 km, in particular Semenov and Kuvshinov (2012) , and are filtered vertically and laterally for spherical harmonic degrees 2, 4, and 6. Three estimators are mapped, GM, VRH, and EMT. because this would require longer period (1 year and larger) geomagnetic signals, which are still sparse. In addition, at these periods the variations in magnetic field may have several origins (including sources from the core and from the magnetosphere), which are difficult to separate from the magnetic field induced by lower mantle electrical currents. Additional data and methodological developments are therefore needed to map electrical conductivity in this region.
